Discotic liquid crystals (DLCs) are considered promising materials for organo-electronic applications. Columnar alignment of DLCs leads to anisotropic charge transport with high charge carrier mobility. However, pure DLCs exhibit low intrinsic charge carrier density which limits bulk conductivity. This research studies the alignment and conductivity properties of small molecule triphenylene-based DLCs to develop hole transport layers for potential applications in organic semiconductor devices. Binary mixtures of homologous DLCs of the hexakis(n-alkyloxy)triphenylene series (HAT6 and HAT10) are formulated. Mesophase characteristics and columnar alignment of these mixtures are characterized using polarizing optical microscopy (POM) and differential scanning calorimetry (DSC). Alignment, orientation and order of columnar packing in the mixtures is studied using X-ray diffraction (XRD) and grazing incidence wide angle X-ray scattering (GIWAXS) measurements. It is identified that binary mixture formation strongly effects the columnar alignment in solution processed films. Furthermore, to increase charge carrier density in the DLC films a strong electron acceptor 2, 3, 5, 7, 8, is added as a p-type dopant, followed by an extensive characterization of its doping effect. POM, DSC thermal scans, UVevisible spectroscopy, photo-luminescence spectroscopy (PL) and I-V measurements are utilized to characterize and establish the improvement of hole conduction in the doped films. It is observed that F4TCNQ-doped triphenylene DLC films exhibit two-fold increase in hole conductivity, making the materials highly relevant for charge transport applications.
Introduction
Discotic liquid crystals (DLCs) typically exhibit columnar mesophase characteristics, where the mesophase exists in a given temperature range [1] . DLCs were first discovered in 1977 by Chandrasekhar [2, 3] while he was working with hexaesters of benzene. Since then, DLCs have been studied extensively from both fundamental and application perspectives [4e7] . The mesophases are typically comprised of disc-shaped molecules that form molecular columns due to phase segregation of the aromatic and aliphatic segments, in addition to p-p interactions between the poly-aromatic molecular condensed cores. Individual polyaromatic molecules exhibit significant pi-conjugation, and overlap within well-aligned molecular columns have motivated significant efforts to realize their potential as self-assembled organic semiconductors [2,4,8e11] .
Organic semiconductors have been an area of keen interest for several decades now, with some of the earliest successful investigations dating back to 1956 [12] . The possibility of having semi-conducting solution processed materials that can be easily and cheaply deposited at low temperatures to fabricate optoelectronic devices such as organic light emitting diodes (OLEDs) [13] , organic solar cells [14e16] and field-effect transistors [17] is very appealing for industrial applications. The underlying physical principles that makes almost all types of organic semiconductors (polymeric and small molecule) possible is bond conjugation (alternating p-s bonds), that leads to the splitting of molecular energy levels, to induce band-like energy levels: conduction (lowest unoccupied molecular orbital (LUMO)) and valence (highest occupied molecular orbital (HOMO)) [18] .
DLC molecules typically have conjugated aromatic cores, with substituted alkyl-chains that induce liquid crystalline (LC) behaviour. Numerous different families exist based on varying polyaromatic cores, such as triphenylene [19] , pyrene, porphyrin [20] , phthalocyanine, and hexabenzocoronene [21] . The inter-molecular packing of DLC materials is important in determining the charge transport mechanism of the materials in optoelectronic applications. As an example, the distance between adjacent aromatic cores in the LC state of hexahexyloxytriphenylene (HAT6) is estimated to be about 3.5 A , which is short enough to enable charge carrier hopping between molecules along the columnar axis. However, the intermolecular gap is too wide to favour band-like conduction [4, 22] . Charge hopping (transport) is only favourable along the columnar axis and the alkyl chains then act as insulating spacers, leading to orientational anisotropy in the effective charge carrier mobility and conduction. This anisotropy has been measured previously [23] and can be imagined of as the self-assembly of molecular wires along the columnar direction, where the individual columns are insulated from each other through the alkyl sidechains. This intrinsic electrical conductivity anisotropy of columnar DLCs is potentially useful for device applications, but the key to proper utilization lies in the ability to control the orientation of the molecular columns in both the LC (liquid crystalline phase) and Cr (crystalline phase). Two of the most common orientations are described with respect to the columnar axis (director), either parallel (planar) (Fig. 1f) , or perpendicular (homeotropic) (Fig. 1e) to the plane of the substrate.
It has been demonstrated that DLCs typically exhibit high charge carrier (typically hole) mobility [21, 24] , and an increase in the aromatic core size of the constituent molecules increases the charge carrier mobility. However, LC molecules with larger aromatic cores have higher LC to isotropic (I) transition temperatures, poor solubility, are less desirable for capillary filling through melt processing. In this study, we use triphenylene-based DLCs, that have a relatively small core size (Sm z 0.002 cm 2 V À1 s À1 in the LC phase [21] , with four fused benzene rings in the aromatic core). However, they demonstrate a low melting and clearing point, allowing low temperature melt processing. One of the commonly utilized and highest performing small molecule for hole transport layer applications is 2,2 0 ,7,7 0 -tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (SpiroOMeTAD). It has recently been shown that Spiro-OMeTAD can be doped with dicationic Spiro salts to increase the material conductivity to~1 Â 10 À1 S/m [25] , up from conventional Lithium salt doped Spiro-OMeTAD that typically yielded conductivity of the order of~1 Â 10 À3 S/m [26] . The highest value of hole mobility in doped Spiro film ever reported is of the order of 10 À4 cm 2 /Vs [27] , this is in fact lower than the hole mobility in triphenylene HAT6 (10 À3 cm 2 /V) [21] . So, combined with the higher mobility, smaller molecular size, lower melting temperatures and higher control of alignment properties, there is significant motivation to improve the conductivity of triphenylene DLCs to yield competitive, and possibly better hole transport layers.
In this study we focus on both the alignment and conductivity of hexakis (n-alkyloxy)triphenylene DLC derivatives HAT6 and HAT10 in the plastic crystalline (Cr) phase [28] . As these materials crystallize at room temperature, understanding and controlling the alignment in the LC-Cr transition upon cooling is critical. Local defects at domain boundaries can trap charge carriers, leading to lower charge carrier mobilities [29] . Significant work has been performed on controlling the alignment of DLCs, including zonecasting [1] , chemical substitution (partial chain perfluorination [30] ) and the use of sacrificial polymer layers to induce the desired columnar alignment [31] . We present a relatively simple approach that involves the preparation of binary mixtures that utilize the same core, but varying aliphatic chain length to change columnar alignment. It is postulated that the combination of a larger (HAT10) and smaller (HAT6) molecule results in the formation of hybrid molecular columns that contain both constituents and modify the crystallization behaviour of the intrinsic materials.
Long-range ordering of molecular columns predominantly affects charge carrier mobility by maximizing p-p overlap. However, increasing the conductivity of DLCs is another engineering challenge as it requires ordering (mobility) as well as a high charge carrier density. DLCs, typically have large band gaps (>3.5 eV [5, 32] ) and this results in low intrinsic charge carrier concentration. Several studies have been performed to increase the conductivity using oxidizing agents and electron acceptors/donors [9,33e35] . (Fig. 1d) . To ensure homogeneous mixing, toluene (Fisher Scientific) was used as a solvent, and subsequently evaporated. The mixtures were doped with F4TCNQ at concentrations of 0.1 wt%, 1 wt% and 5 wt%. Toluene was again used as a solvent to ensure homogenous mixing. All materials were used without further purification.
To prepare thin DLC spin-coated films on ITO-glass for currentvoltage (I-V) measurements, the mixture under consideration was dissolved in anhydrous chlorobenzene (Sigma Aldrich) at a concentration of 15 mg/ml (for z 120 nm eventual film thickness, measured using ellipsometry) and 175 mg/ml (for z 1.15 mm thick films), followed by a two-stage spin-coating (1000 rpm for 30 s and 2000 rpm for 2 min). Top contacts were made by either evaporating 100 nm of gold, or sputtering Nickel (Ni) (z200 nm) directly on top of the DLC film using a shadow mask (0.5 cm 2 ) to make the second contact.
Experimental methods
A polarizing optical microscope (POM) (Olympus BX-60) was used to visualize the textures of the doped and un-doped DLC films. A spectrometer (Ocean Optics USB-2000) was used to record absorption spectra of K DLC films in the visible spectrum (400e700 nm), and a UVeVis (300e1100 nm) spectrometer (Agilent 8453) was used to record spectra in solution. A heating stage and temperature controller (Linkam TMS 94) integrated with the POM was used to monitor phase transitions. Most of the initial POM and current-voltage (I-V) analysis was performed in capillary filled 9 mm indium tin-oxide (ITO) coated glass cells. The materials were capillary filled into the cells in the isotropic phase.
Differential scanning calorimetry (DSC) (Mettler Toledo 823 e ) was used to accurately determine phase transitions with a cooling and heating rate of 5 C/min. I-V measurements were performed using a Keithley 4200-SCS parameter analyzer. Photo-luminesence (PL) measurements were performed using a gated intensified CCD camera system (Andor iStar DH740 CCI-010) connected to a grating spectrometer (Andor SR303i). Femtosecond excitation laser pulses with photon energy of 3.1 eV, pulse length~100 fs and fluence 2 mJ/ cm 2 were utilized. PL was obtained by temporally averaging the emission in the detection software (exposure time 0.2 s, 5 ms gate width). Tapping mode atomic force microscopy (AFM, Model 5400 Scanning probe Microscope, Agilent Technologies) was performed to study the topology of spin-coated DLC films on a 300 nm SiO 2 on Si substrate. The crystalline nature of the samples was studied using a Brucker D8 x-ray diffractometer (XRD) l ¼ 1.5418 Å. Symmetric q-2q scans of the samples over a narrow range from 2q ¼ 2.5 to 2q ¼ 5 were used to study the columnar packing. In addition, grazing incidence wide angle X-ray scattering (GIWAXS) was used to further analyze the order and orientation of the molecular columns. GIWAXS measurements were performed at beamline D1, at the Cornell High Energy Synchrotron Source (CHESS) at Cornell University in Ithaca, NY, U.S.A. The wavelength was 1.17 Å.
Results and discussion
Binary mixtures of HAT6 and HAT10 were prepared in different wt% of the two components (Fig. 1d) . Phase transition temperatures measured using DSC measurements of the mixtures are presented in Fig. 1a , where the phase transition temperatures on heating and cooling are illustrated. It can be seen from the phase transition temperatures on cooling (Fig. 1a , blue lines) that there is a decrease in the LC-Cr transition temperatures upon binary mixture formation. The LC phase is found to exist at temperatures as low as 30 C in 40% HAT6 -60% HAT10, which is very low when compared to the LC-Cr transition of pure HAT6 that occurred at 54 C. However, the Cr-LC phase transition temperatures on heating do not follow the same trend (red line Fig. 1a ). It can be seen that the Cr-LC temperature is almost constant throughout the mixtures on heating (z55 C). This is evidence of supercooling (depression of LC-Cr transition on cooling), which is common in LC mesophases, and was reported previously by Boulingand et al. in their work with triphenylene DLCs [39] . Fig. 1b illustrates the extent of supercooling plotted against the mixture compositions. It was found that while the LC phase can be accessed at lower temperatures in the binary mixtures on cooling from isotropic, this drop is not replicated upon heating, such that the drop in crystallization temperature observed on cooling and is not a true lowering of the melting point in eutectic mixtures.
POM textures of the mixtures in drop-cast DLC thin films in a cover-slip configuration without any additional alignment layers are summarized in Fig. 2 and Figure S1 . The optical texture of HAT6 in the LC phase (Fig. 2a) demonstrates large areas of dark platelets where the columns are aligned homeotropically, and bright fanlike/spherulite regions that are indicative of planar alignment (as birefringence is minimum for light propagation parallel to the columnar director (homeotropic), and maximum perpendicular (planar)). On cooling to the plastic Cr state (Fig. 2b) , it can be seen that the texture is very bright under crossed polarizers, with numerous micron-sized coloured domains forming on crystallization. This is due to a loss of the homeotropic (optically isotropic) alignment, to disordered/tilted columns on crystallization that increase the effective birefringence, and manifests as a bright texture. A similar change in texture is also seen in HAT10 during the transition from the LC (Fig. 2c) to the Cr phase (Fig. 2d) . For the binary mixture 40% HAT6 -60% HAT10, the POM results indicate a different response. It can be seen that significant features of the initial columnar domain structure are preserved between the transition from the LC (Fig. 2e) to the plastic Cr phase (Fig. 2f) . (Fig. 3a) can be classified as a predominantly planar alignment with the hexagonal packed columns lying parallel to the substrate. HAT10 (Fig. 3b) illustrates a similar texture to HAT6, however, in the case of HAT10 the domains are much smaller~ 30 mm, and the alignment is predominantly planar.
In the case of the mixture 40% HAT6-60% HAT10 the spin-coated film (measured to be 2 mm using optical interference) shows large areas with low birefringence, amongst areas of high birefringence. The birefringence of the dark regions however (marked by green outline) remains low on rotation of the sample under crossed polarizers. The seemingly optically isotropic texture of the inherent birefringent materials can be explained either as large domain homeotropic alignment (which could be very useful for out-of plane applications), or a disordered crystalline state where any birefringence is averaged out leading to a dark texture. Atomic force microscopy (AFM) analysis of the films (Fig. 3d-f) showed that the binary mixture had a more level topography as compared to HAT6 and HAT10. AFM analysis of spin-coated films of HAT6 (Fig. 3d) and HAT10 (Fig. 3e ) displayed a general waviness of at the surface, whereas the binary mixture (Fig. 3f) did not exhibit such waviness, and instead demonstrated a very planar interface. The surface roughness of all films was actually very similar. The AFM profiles combined with the DSC data show that the two components of the binary mixtures are compatible with each other, forming very uniform films in a single step deposition process.
In order to understand the inherent columnar alignment better, XRD analysis and in-plane and out-of-plane conductivity measurements were performed. XRD data is summarized in Fig. 3g where it can be seen that all the films showed a diffraction peak within a 2q angular range of 3e5 , corresponding to inter-columnar spacing, as concluded in previous similar studies [40] . The spacing can be calculated to be approximately 2.03 nm for HAT6, 2.54 nm for HAT10 and 2.57 nm for 40% HAT6 -60% HAT10. The peak positions for HAT10 and HAT10-6-3 almost to correspond to the same inter-columnar distance. The results are consistent as HAT6 which is the smallest molecule has the smallest inter-columnar distance, and HAT10 shows a relatively larger inter-columnar distance through a smaller diffraction angle. However, only one peak was seen in XRD data of the binary mixtures corresponding to the spacing of the HAT10 columns leading to a picture of intercalated molecular columns that are as wide as HAT10 but contain both HAT6 and HAT10. So, in order to study the columnar structure at higher resolution, grazing incidence wide angle X-ray scattering (GIWAXS) was performed. The results are summarized in Fig. 3h,i . Scattering profiles corresponding to planar alignment can be seen in Fig. 3h , and the contributions from homeotropic alignment of the columns are seen in Fig. 3i . The GIWAXS data has a higher resolution and sensitivity than the XRD data and, unlike the XRD data, two separate scattering peaks were observed in the binary mixture corresponding to HAT6 (20.16 Å) and HAT10 (24.44 Å).
Conclusion drawn by analyzing the GIWAXS scattering profiles do not support the hypothesis that the dark regions seen in Fig. 3c are regions of improved homeotropic alignment as the scattering peaks corresponding to homeotropic alignment (Fig. 3i) are smaller in intensity relative to the planar alignment peaks and do not show significant enhancement when compared to the homeotropic scattering peaks of HAT6 and HAT10. However, by looking at the third order Bragg reflections in the planar alignment profiles, it can be seen that the binary mixture exhibits sharper higher order peaks that are indicative of long-range ordering of the planar oriented backbone. This was further confirmed by in-plane conductivity measurements (Fig. 4b) where the binary mixture demonstrates higher in-plane conductivity that HAT10. In summary, it can be seen that binary mixture formation strongly affects the columnar alignment and packing, and in the case of a 40% HAT6 e 60% HAT10 mixture we seem to have a columnar phase with large optically isotropic domains.
Alignment and columnar packing strongly affect charge carrier mobility. However, in order to compete with state of the art amorphous organic hole transport layers it is important to be able to increase the macroscopic electronic conductivity of the aligned films. The electrical conductivity of the DLC films was initially probed using I-V measurements in an ITO-ITO electrode configuration. In the case of films of pure HAT6, HAT10 and their binary mixtures that were 5 mm and thicker (tested in capillary filled cells), it was not possible to measure any DC current (<10 nA) at fields as high as 6 V/mm. Fig. 4a illustrates the I-V curves for HAT6, HAT10 and a 40% HAT6 -60% HAT10 binary mixture in out-of-plane ITO-DLC-Au test devices with the DLC film thickness measured to be z 1.15 mm using interference and a profilometer. For the case of very thin films in Fig. 4a , it was possible to extract a measureable current, and conductivity of HAT6 can be approximately calculated to be (3 Â 10 À5 Sm À1 ). However, for most opto-electronic devices it would be desirable to have a higher electrical conductivity with charge carrier transport being supported by thicker films (especially in the case of capillary-filled films from a device applications perspective). For the case of melt-processed HAT6 in ITO-ITO test devices, the electrical conductivity in 9 mm cell is estimated to
, which is too low for any electronic device applications. The same was found to be the case for HAT 10 and the binary mixture HAT10-6-3.
Subsequently, in order to improve conductivity p-type doping of the HAT6, HAT10 and their binary mixtures was performed to increase the charge carrier concentration. F4TCNQ is a strong electron acceptor, with a (LUMO) level at À5.2 eV (vacuum). Previous cyclic voltammetry study on HAT6 [32] has estimated a (HOMO) level at À5.38 eV. Doped mixtures of HAT6 were prepared with F4TCNQ as 0.1 wt%, 1 wt% and 5 wt%. The absorption spectrum of crystalline 9 mm thick F4TCNQ-doped HAT6 films in ITO-ITO sandwich cells (Fig. 5a) shows interesting characteristics (for UVeVis spectra of pure HAT6 and 1 wt% F4TCNQ doped in solution form, refer to Figure S4 ). There is a clear absorption shoulder around 575 nm that is not present in pure HAT 6. This absorption peak is shown to get higher with increasing dopant concentration. It is postulated that this peak is indicative of the formation of a charge transfer complex between the dopant and DLC molecules, and this phenomena is similar to what has been reported on p-type molecular doping of other similar small molecules [26, 36, 38] . This result is very encouraging, as it proves that these materials are being successfully doped as p-type materials, even though there is a slight mismatch between the energy levels of the dopant and host material. Fig. 5b illustrates the change in absorption characteristics as a function of temperature for a 1 wt% F4TCNQ-doped HAT6 9 mm thick sample.
At 40 C, the absorption spectrum contains contributions from both Mie-scattering (due to disorder in the texture) and electronic transitions. However, it is important to note here that at 120 C the material is isotropic, so any absorption seen in that case is due to electronic excitations in the charge transfer complex. Figure S2) showed increasing shift from pristine HAT6 on increasing doping concentration. Fig. 5d illustrates the LC-Cr transition on cooling from isotropic in the doped mixtures. A fall in the melting point was observed, and the DSC results confirmed homogeneous mixing and chemical compatibility of the dopants in the host LCs. PL measurements of intrinsic HAT6 and 0.1 wt% F4TCNQ-doped HAT6 (Fig. 5c) showed enhanced emission around 575 nm consistent with the energy levels of the charge transfer complex, and corroborate the absorption spectra. POM of doped HAT6 mixtures (Fig. 6 ) in the Cr state illustrate a decrease in domain size on increase in doping concentration, corresponding to increasing disorder due to added impurity and nucleation sites. The DSC and temperature controlled POM of HAT6 up to 1 wt% doping [32] , [41] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
DSC measurements of the doped mixtures (Supplementary
are reasonably similar, with only minimal shifts in phase transition temperatures and optical textures. The 5 wt% mixture however, exhibited a large bi-phasic (LC-I) region on heating, with a strikingly different texture under crossed polarizers. Optical micrographs corresponding to spin-coated thin films of the doped DLC films (Supplementary figure S3) also illustrate increasing crystallization on doping. I-V measurements of doped HAT6 mixtures were performed to quantify and compare the effect of p-type doping on conductivity properties. ITO-LC-ITO test cells were prepared with (5 mm, 9 mm and 20 mm) film thickness and Ni-LC-ITO test devices were prepared with z120 nm thick spin-coated LC films. Fig. 4c illustrates the I-V curves of 9 mm thick 0.1 wt% F4TCNQ-doped HAT6, HAT10 and 40 % HAT6 -60 % HAT10 mixtures, and the I-V curves in the Ni-LC-ITO architecture can be seen in Fig. 4b . In both cases, it is clear that doped HAT10 has the highest conductivity, whereas of the un-doped materials (Fig. 4a,b) HAT6 exhibits higher conductivity. This is rather surprising as it has longer insulating alkyl chains and charge carrier mobility has been shown by time-of-flight studies to decrease in triphenylene DLCs with increasing chain length [24] . 0.1 wt% F4TCNQ doped binary mixture 40% HAT6 -60% HAT10 exhibits relatively lower out-of-plane conductivity, which is consistent with the hypothesis that the dark regions Fig. 3c are not indeed homeotropically aligned. However, as predicted by the GIWAXS analysis the in-plane conductivity of the binary mixture (Fig. 4b) is higher than HAT10.
The effect of increasing dopant concentration in capillary filled 9 mm thick HAT6 films can be seen in Fig. 7 a. There is a significant initial increase in charge conduction from intrinsic to 0.1% doped HAT6, which is very encouraging since it signifies an increase of conductivity by at least two orders of magnitude in the capillary filled 9 mm films on 0.1 wt% doping. Furthermore, the 1 wt% doped mixture illustrates an improvement over the 0.1 wt% doping, in both relatively thick (Fig. 7a) and thin (Fig. 7b ) DLC films. 5 wt% doped mixtures of HAT6 however, illustrate a decrease in conductivity, in both 9 mm and thinner z120 nm films. This is interesting for two reasons, as firstly it points towards a decrease in charge carrier mobility due to dopant induced scattering and defects in the DLC morphology. Secondly it reinforces the claim that charge carrier transport in doped films is in fact due to electrons and holes (holes in this case) and not due to ionic migration of the F4TCNQ molecules, since if that was the case then increasing dopant concentration would have increased the measured conductivity even further in the 5 wt% doped mixture. However, the authors suggest further studies that look at Hall effect and impedance spectroscopy measurements to further investigate the mechanism of conduction in these p-type doped DLC films. It can be seen that the calculated effective conductivity (using a linear resistive mode at a given I-V point) is much higher in the z120 nm thick Ni-DLC-ITO devices (Fig. 7b) . This can be attributed to better electrode contact (sputtered Ni on spin-coated LC), improved hole injection (higher Ni work function as compared to ITO) and higher effective hole mobility in the thinner films due to the presence of fewer grain boundaries that block charge transport. The mixtures were heated to record the I-V characteristics as a function of temperature in different phases. The I-V curves of the doped HAT6 mixtures in 9 mm ITO-ITO cells in the isotropic state are illustrated in Fig. 7c . It can be seen that compared to the case in the Cr phase (Fig. 7a) there is significantly higher conduction in the isotropic state. It is postulated that the increase in conductivity in the isotropic state is due to a reduction in scattering and improved charge transfer through the medium. The increase in conductivity was found to be reversible, and Fig. 7d demonstrates the effect of measured current at an applied E-field of 3 V/mm on a 0.1 wt% F4TCNQ-doped HAT 6 sample. It can be seen that each phase transition Cr-LC, followed by LC-I is accompanied by an increase in conductivity by an order of magnitude. This is reversible, and cooling from the I state was found to reverse the conductivity to previous levels.
To estimate the extrinsic hole mobility in the doped HAT6 films, a space charge limited current (SCLC) model was used to fit I-V curves in ITO-ITO sandwich cells. Based on the near quadratic relationship between current density and voltage at higher electric field magnitudes in Fig. 7a ,e, the Mott-Gurney equation [42] is utilized; an average value of ε r ¼ 2.61 (0.1 wt%) and ε r ¼ 2.82 (1 wt% doped) is used as the average relative dielectric permittivities (based on capacitance data before and after filling sandwich cells).
Similar analysis have been reported on organic semiconductor (Spiro-MeOTAD) [27] , and polymer [43] films. The measured I-V response was fit to equation (1) to estimate an effective mobility for 0.1 and 1 wt% doped 9 mm films in ITO-ITO sandwich cells, Figure S5 gives an example of the fit in the case of a 5 mm 0.1 wt% F4TCNQ doped sample. It was very interesting to note from Fig. 7g that the calculated mobility values for a given thickness are comparable for the two doping concentrations. Within the limitations of the model, this points towards minimal dopant induced disorder and hole scattering in the doped DLC films. Differences in the magnitude of estimated mobility across varying cell thickness can be associated with the conductivity anisotropy of DLCs, which makes conductivity heavily dependent on the alignment of the Cr phase.
It is observed that the addition of F4TCNQ to HAT6, HAT10 and their mixtures leads to an increase in conductivity of capillary filled and spin-coated films. Hole transfer from the HOMO level of the host DLC to the LUMO of F4TCNQ results in an increase in 'free' carrier concentration in the films.
However, in the interest of hole transport applications in photovoltaic devices, it is important to establish that the increase in measured conductivity is predominantly due to hole conduction and not the motion of ions/salts. The I-V characteristics presented in Fig. 7a (which show compatibility with the SCLC model), the decrease in measured conductivity of K films going from 1 wt% to 5 wt% doping (Fig. 7a,b) , and the corresponding increase in films in the isotropic phase (Fig. 7c) all support the hole nature of conduction rather than ionic. Furthermore, I-V characteristics under dark and light (Simulated AM 1.5) conditions (Fig. 7f) show that increased photo-induced charge carrier concentration corresponds to an increase in measured conductivity, whereas the motion of salts/ions should be light independent. Using the above evidence, it is hypothesized that the predominant nature of conduction is indeed hole conduction, making these materials suitable for charge transport layer applications.
Conclusion
Binary mixtures of HAT6 and HAT10 that share the same aromatic core but different aliphatic chain lengths were characterized. Phase transitions of binary mixtures of HAT6, HAT10 were analyzed, and significant depression of the crystallization temperature on cooling was measured in binary mixtures, however significant super-cooling was identified in the mixtures and the depression was not replicated on heating. POM showed large domains of low birefringence (optically isotropic) in the crystalline phase in a 40% HAT6 -60% HAT10 mixture that could either be explained by homeotropic alignment or disordered texture. X-ray analysis was performed, and XRD data showed that the columnar spacing can be calculated to be approximately 2.03 nm for HAT6, 2.54 nm for HAT10 and 2.57 nm for 40% HAT6 -60% HAT10, where the column width is dominated by the larger constituent molecule in the binary mixture. However using GIWAXS scattering analysis it was later confirmed that the individual molecules in the binary mixtures form distinct columns as two peaks were observed. In addition, the x-ray scattering data did not show significantly increased homeotropic alignment in the binary mixtures, however the in-plane alignment and conductivity was improved over that of HAT10.
Furthermore, the electronic conductivities of the HAT mixtures were studied in the Cr phase and it was found that the electronic conductivities of the intrinsic materials are low due to their large optical band-gaps, low intrinsic mobile carrier concentration and disordered texture in thick (greater than 5 mm) plastic Cr films.
Subsequently, the DLCs were doped with the strong electron acceptor F4TCNQ, and it was found that charge transfer between the host and dopant materials leads to changes in light absorption characteristics. The absorption spectra were corroborated with PL spectra and I-V measurements to confirm the formation of a charge transfer complex in the DLC medium, allowing an enhancement of conductivity by two orders of magnitude. All the doped films illustrated vastly improved conductivities, however the 40% HAT6 -60% HAT10 mixture which exhibited large areas of low birefringence alignment did not translate to the highest measured doped conductivities in out of plane devices, confirming that the alignment is indeed not predominantly homeotropic. Crystalline 5 wt% F4TCNQ doped HAT6 films were found to be less conductive than 0.1 wt% and 1 wt% films, due to scattering and dopant induced disorder. It is hypothesized that this doping mechanism is stable, and conduction is predominantly supported by hole hopping. The results lay the foundation for potential device applications, especially self-assembled DLC hole transport layers for solar cells. This is especially true for the 40:60 HAT6-HAT10 binary mixtures, which were confirmed via AFM to form very smooth spin-coated films. Low temperature melt processing, better control on alignment (1-D aligned molecular wires, rather than amorphous films), and the possibility of further increase in conductivity using combined dopants and different DLC aromatic cores makes F4TCNQ doped DLCs and binary mixtures films promising candidates for future advances in organic electronics.
